Nejire/dCBP-mediated control of H3 acetylation and transcriptional regulation by testis-specific Plus3 domain proteins during Drosophila spermatogenesis by Hundertmark, Tim
  
Nejire/dCBP-mediated control of H3 acetylation 
and transcriptional regulation by testis-specific 




zur Erlangung des Doktorgrades 
der Naturwissenschaften 
(Dr. rer. nat.) 
 
Dem Fachbereich Biologie 






























Erstgutachterin: Prof. Dr. Renate Renkawitz-Pohl 




Tag der mündlichen Prüfung:  
07.12.2018 
 
 2 Table of contents 
Table of contents 
 
Chapter 1 ................................................................................................................................................. 4 
1 Statement of candidate’s contribution .............................................................................................. 4 
Chapter 2 ................................................................................................................................................. 5 
2 Zusammenfassung ............................................................................................................................ 6 
Chapter 3 ................................................................................................................................................. 7 
3 Summary .......................................................................................................................................... 8 
Chapter 4 ................................................................................................................................................. 9 
4 Introduction .................................................................................................................................... 10 
4.1 Spermatogenesis in Drosophila melanogaster ........................................................................ 10 
4.2 Chromatin dynamics during spermatogenesis ......................................................................... 11 
4.3 mRNA expression profiles of the Drosophila testis ................................................................ 13 
4.4 Objective of this study: the proteome of Drosophila melanogaster testis .............................. 14 
4.5 Transcriptional regulation in Drosophila melanogaster spermatocytes .................................. 14 
4.6 Bromodomain proteins as epigenetic readers of histone acetylations ..................................... 16 
4.7 Paf1C is conserved in many species and plays a role in transcriptional regulation ................ 17 
4.8 References ............................................................................................................................... 19 
Chapter 5: Analysis of chromatin dynamics during Drosophila spermatogenesis ................................ 28 
Chapter 6: Nejire/dCBP-mediated histone H3 acetylation during spermatogenesis is essential for male 
fertility in Drosophila melanogaster ..................................................................................................... 44 
Chapter 7: Stage-specific proteomes of the Drosophila melanogaster testes ....................................... 67 
Chapter 8: tBRD-1 selectively controls gene activity in the Drosophila testis and interacts with two 
new members of the bromodomain and extra-terminal (BET) family ................................................ 108 
Chapter 9: Drosophila melanogaster tPlus3a and tPlus3b ensure full male fertility by regulating 
transcription of Y-chromosomal, sperm fluidity, and heat shock genes ............................................. 122 
Chapter 10 ........................................................................................................................................... 159 
10 Discussion .................................................................................................................................. 160 
10.1 Decondensation of chromatin enables detection of previously undetectable proteins in sperm
 ..................................................................................................................................................... 160 
10.2 Histone acetylations are essential for the histone-to-protamine transition while depletion of 
H3K18 and H3K27 acetylation does not inhibit protamine deposition ....................................... 161 
10.3 The Drosophila melanogaster testis proteome comprises several thousand proteins ......... 164 
10.4 Testis-specifically expressed BRD proteins define transcription of a subset of target genes in 
cooperation with tTAFs ............................................................................................................... 165 
10.5 Plus3 domain proteins support transcriptional regulation in Drosophila spermatocytes .... 168 
10.6 References ........................................................................................................................... 171 
Chapter 11 ........................................................................................................................................... 177 
Erklärung ......................................................................................................................................... 177 
 3 Table of contents 
Appendices .......................................................................................................................................... 178 
Appendix A ..................................................................................................................................... 178 
Appendix B ..................................................................................................................................... 178 
  






1 Statement of candidate’s contribution 
 
According to § 9, paragraph 1 of the "Doctoral regulations of the departments of mathematics and 
natural sciences and the department of medicine for its mathematics and natural sciences disciplines 
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candidate has made to the publications." The contribution to the publications presented in this 
dissertation is described in detail before the respective publications in Chapters 5-9. 
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2 Zusammenfassung 
Die Spermatogenese beschreibt den Prozess der Entwicklung von Keimbahnstammzellen hin zu 
hochspezialisierten Spermien. Die Spermatogenese von Drosophila melanogaster eignet sich sehr gut 
als Modell zur Analyse von Umstrukturierungen des Chromatins in männlichen Keimzellen, da die 
zugrundeliegenden Prozesse in Säugetieren und Fliegen sehr ähnlich sind. Histon-Modifikationen sind 
beispielsweise eine Voraussetzung für den Austausch von Histonen durch Protamine in 
postmeiotischen Stadien der Spermatogenese, aber auch Prozesse auf Transkriptionsebene früheren 
Keimzellstadien lassen sich vergleichen. Im Rahmen dieser Arbeit wurde die Histonacetyltransferase 
Nejire/dCBP, die für die Modifikation von Histon H3 an Lysin 18 und Lysin 27 sowohl während der 
postmeiotischen Keimzellentwicklung als auch im Spermatozytenstadium verantwortlich ist, näher 
charakterisiert. Durch einen RNAi-vermittelten knock-down von Nejire/dCBP konnte gezeigt werden, 
dass dessen Funktion essentiell für die Fertilität männlicher Fliegen ist. Die effiziente Synthese von 
mRNAs postmeiotisch exprimierter Chromatinkomponenten scheint durch Nejire/dCBP reguliert zu 
werden. Der Einbau von Protaminen in das Chromatin scheint jedoch nicht direkt von der Funktion 
von Nejire/dCBP anhängig zu sein. Die Drosophila Spermatogenese zeichnet sich durch eine 
besondere Regulation der Transkription und der Translation aus. Während die meisten Transkripte in 
Spermatozyten hergestellt werden, muss ein Großteil davon translational reprimiert werden, um in 
späteren Stadien der Keimzellentwicklung zur Verfügung zu stehen. Die Regulation der Transkription 
in Spermatozyten wird von Testis-spezifischen Varianten der generellen Transkriptionsmaschinerie 
unterstützt. Dazu gehören unter anderem die tTAFs, der tMAC Komplex und Bromodomänen-
Proteine. Bromodomänen-Proteine sind in der Lage, acetylierte Lysine an N-terminalen Histonketten 
zu erkennen und an diese zu binden. Die in Spermatozyten exprimierten Bromodomänenproteine 
tBRD-1 und tBRD-2 können mit tTAFs interagieren und schaffen so möglicherweise eine Möglichkeit 
für die Rekrutierung des TFIID Komplexes an bestimmte Bereiche des Chromatins.   
Weitere Testis-spezifische Varianten ubiquitär exprimierter Proteine stellen die Plus3-
Domänenproteine dar. Im Rahmen dieser Arbeit wurde die Expression und die Funktion der im Testis 
angereicherten Proteine tPlus3a und tPlus3b untersucht. Diese Proteine besitzen eine konservierte 
Plus3-Domäne. Mit Hilfe einer RNAseq Analyse von RNA aus Testes von Mutanten konnte gezeigt 
werden, dass tPlus3a und tPlus3b wahrscheinlich zur Regulation der Transkription in Spermatozyten 
beitragen. Zudem wurden dabei Gene identifiziert die ebenfalls durch tBRD-1 reguliert werden. 
Unsere Hypothese ist, dass tPlus3a und tPlus3b eine Gruppe von Genen regulieren, die zwar mit denen 
der tBRD-1-abhängigen Gene überlappen, jedoch kaum mit den tTAF-abhängigen Genen. tPlus3a und 
tPlus3b könnten so zur Diversifizierung der Transkriptionsregulation in Spermatozyten beitragen. 
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3 Summary 
Spermatogenesis describes the development from germ line stem cells to highly specialized sperm. 
Drosophila melanogaster spermatogenesis is a good model system for chromatin remodelling 
processes as many of these processes are similar in mammals and in flies. Histone modifications are a 
prerequisite for the exchange of histones by protamines during these chromatin remodelling processes 
but also transcription processes in earlier germ cell stages can be compared. 
In this thesis, the histone acetyltransferase Nejire/dCBP has been characterised as being responsible 
for the modification of histone H3 at lysine 18 and lysine 27 during post-meiotic germ cell 
development as well as in the spermatocyte stage. An RNAi-mediated knock-down revealed that the 
function of Nejire/dCBP is essential for fertility of male flies. Efficient mRNA synthesis of post-
meiotic chromatin components depends on Nejire/dCBP whereas incorporation of protamines into the 
chromatin does not seem to depend on Nejire/dCBP function.  
Drosophila spermatogenesis is featured by a special regulation of transcription and translation. While 
most transcripts are synthesised in spermatocytes, a large portion has to be translationally repressed 
until required in later stages of germ cell development. Transcriptional regulation is supported by 
testis-specific variants of the general transcription machinery. This includes among others the tTAFs, 
the tMAC complex and bromodomain proteins. Bromodomain proteins are able to recognise and bind 
acetylated lysine residues on N-terminal histone chains. The bromodomain proteins tBRD-1 and 
tBRD-2 are expressed in spermatocytes and can interact with tTAFs, this might facilitate recruitment 
of the TFIID complex to certain chromatin areas. 
Further testis-specific variants of ubiquitously expressed proteins are the Plus3 domain proteins. Here, 
the expression and function of the testis-enriched proteins tPlus3a and tPlus3b have been examined. 
Both proteins share the conserved Plus3 domain of Rtf1. RNAseq analysis using RNA from mutant 
testes revealed that tPlus3a and tPlus3b likely contribute to the regulation of transcription in 
spermatocytes. Furthermore, genes which also depend on tBRD-1 function were identified. We 
hypothesise that tPlus3a and tPlus3b regulate a group of genes overlapping with tBRD-1-depending 
genes but not with genes depending on tTAFs. tPlus3a and tPlus3b might therefore contribute to 
diversification of transcriptional regulation in spermatocytes.  
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4 Introduction 
Spermatogenesis describes the developmental process from diploid germ line stem cells (GSCs) to 
haploid sperm. Impaired sperm production can ultimately cause infertility; 20 to 70 percent of cases of 
infertility in couples are affiliated to male factors (reviewed in Agarwal et al., 2015). Drosophila 
melanogaster (hereafter referred to as Drosophila) is an excellent model organism to study 
spermatogenesis, as many characteristic features of sperm development are conserved between 
mammals and flies. The development of male germ cells in Drosophila takes place in two paired 
testes, shaped as curls in the adult fly. Accompanied by histone modifications, chromatin 
reorganisation takes place in post-meiotic germ cell stages. During this reorganization, histones are 
exchanged by transition proteins and eventually by protamines. Additionally, the morphology of germ 
cells, including the nuclei, is changing dramatically, resulting in a needle-like shape of the nucleus. 
Both mammals and flies share specific mechanisms to ensure correct development in post-meiotic 
male germ cells. For example, in Drosophila, the majority of transcripts is synthesised in the 
spermatocyte stage, even though many transcripts are first needed in the post-meiotic phase. 
Therefore, many mRNAs are translationally repressed after synthesis and released later in 
development. Like spermatocytes in Drosophila, round spermatids in mammals exhibit a high 
transcriptional activity, which decreases in later stages (reviewed in Rathke et al., 2014).  
4.1 Spermatogenesis in Drosophila melanogaster 
Drosophila spermatogenesis (reviewed in Fuller, 1993) starts in the apical testis tip. There, the hub 
region comprises GSCs as well as somatic cells, which provide a signalling source for the GSC 
differentiation. Somatic cells in the hub region also contribute to the formation of cyst cells, two of 
which surround the germ cells during their whole development to mature sperm forming a cyst. A cyst 
first contains a spermatogonium, originating from a GSC. In the cyst, the spermatogonium undergoes 
four mitotic divisions, resulting in 16 primary spermatocytes. Cytokinesis is incomplete so that 
primary spermatocytes stay connected through cytoplasmic bridges. The 16 spermatocytes of one cyst 
show an enormous growth leading to a 25-fold increase in size of the nucleus during G2 phase 
(Lindsley and Tokayasu, 1980). Apart from an increasing size, a peak in transcriptional activity is 
characteristic for the spermatocyte stage until prophase of meiosis I. Right after this prolonged meiotic 
prophase transcription decreases and the cells enter meiotic divisions. Hardly any transcription is 
detectable in post-meiotic stages (Olivieri and Olivieri, 1965) except for some rare transcripts, which 
are newly synthesised and abundant in elongating spermatids (Barreau et al., 2008). In spermatocytes, 
the two large autosomes and the X- and Y-chromosomes are disposed in distinct chromatin regions in 
the nucleus. After two meiotic divisions, 64 haploid spermatids emerge from the spermatocytes. 
Spermatids are still connected via cytoplasmic bridges within the cyst. Initially, these spermatids are 
round and the chromatin appears to be in a relaxed state. The following development of the initially 
round spermatids to mature sperm is called spermiogenesis. It is characterised by enormous 
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morphological changes, e.g. the formation of the sperm flagellum or nuclear elongation and the 
reorganisation of chromatin. For changes of morphology, different stages can be defined: the nucleus 
starts to elongate while cellular organelles are re-configured to adapt to a smaller volume of elongating 
spermatids. Therefore, the mitochondria merge to form the Nebenkern, which is then elongating 
alongside the spermatid nucleus. As the nucleus further stretches, the axoneme of the future flagellum 
is forming from the basal body and the so-called canoe stage is reached, named for its canoe shaped 
nuclei. The flagella are mainly built from microtubules, mitochondria and outer dense fibers, their 
components represent a large portion of all proteins in the testis. The flagella are very long - flagella of 
spermatids near the basal end of the testis even reach the apical region. At the end of spermiogenesis, 
the morphology of the spermatid nucleus obtains a thin, needle-like shape. An actin-based structure, 
called individualization complex (IC), forms to separate the 64 spermatids of a cyst from each other. 
Finally, mature sperm are released from the testis and reach the seminal vesicles (reviewed in Fuller, 
1993). 
4.2 Chromatin dynamics during spermatogenesis 
Whilst the morphological changes of nucleus and organelles are clearly visible in phase contrast 
microscopy or with Hoechst staining of spermatid nuclei, reorganisation of chromatin is at first glance 
inconspicuous even though it occurs in parallel to nuclear shaping. The chromatin structure in 
spermatocytes and in round spermatids is - as in somatic cells - histone based. As the nucleus becomes 
smaller, the chromatin in spermatids is being compacted. Histones are gradually exchanged by 
transition proteins represented by TP1 and TP2 in mice (Brewer et al., 2002), and Tpl94D in 
Drosophila, respectively (Rathke et al., 2007), which contribute to the compaction of chromatin. 
Transition proteins are in turn replaced by very basic protamines, ProtamineA and ProtamineB, and 
Mst77F (Jayaramaiah Raja and Renkawitz-Pohl, 2005). Protamine and Mst77F incorporation enables 
an even tighter compaction of chromatin (Doyen et al., 2015; Eren-Ghiani et al., 2015; Kost et al., 
2015; Kimura and Loppin, 2016). Additionally, protamine-like proteins like Prtl99C are also part of 
the chromatin in mature sperm (Eren-Ghiani et al., 2015). The most prominent stage for the switch 
from histones to protamines is the canoe stage, the change takes place within about 5 hours as shown 
by in vivo imaging (Awe and Renkawitz-Pohl, 2010; Gärtner et al., 2014). The early canoe stage is 
defined by the presence of remaining histones, while in the late canoe stage protamines are 
incorporated into the chromatin and histones cannot be detected anymore. In addition to the proteins 
mentioned above, some histone variants are known, that are stable or transient components of 
chromatin in germ cells. The histone variants H2A.X, H2A.Z and H3.3 are part of the nucleosomes in 
spermatocytes and in early post-meiotic stages and are removed from chromatin in the same manner 
like canonical H2A or H3 (Rathke et al., 2007). HILS1 is a histone variant known to be part of post-
meiotic chromatin in mammals (Yan et al., 2003). The Drosophila homologue of HILS1, Mst77F, is 
likewise expressed exclusively in post-meiotic germ cell stages and can even be found in mature 
sperm (Rathke et al., 2010). Several modifications of histones accompany chromatin reorganisation in 
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spermatocytes as well as in post-meiotic stages. SUMOylation, ubiquitination, phosphorylation, 
methylation and acetylation of histones can have various functions for chromatin remodelling and 
other processes (reviewed in Rathke et al., 2014).  
4.2.1 Objective of this study: Visualisation of chromatin-associated proteins in Drosophila 
spermatogenesis 
Spermatid chromatin is organised in a dynamic way and multiple steps have to be passed until the 
final compaction by protamines, Mst77F and Prtl99C is reached. As several homologous proteins are 
involved in both mammals and fly, Drosophila can serve as an excellent model to study the 
modification of histones and the replacement with transition proteins and protamines in 
immunofluorescence stainings. For some proteins an antibody-based detection might appear 
insufficient when used for highly compact chromatin. Therefore, a modified method for 
decondensation of chromatin prior to immunofluorescence staining was used to detect chromatin 
components in mature sperm (Eren-Ghiani et al., 2015). 
The aim of this study was the elaboration of a detailed protocol for immunofluorescence stainings of 
Drosophila testis squash preparations. Different requirements for fixation and staining regarding 
spermatocytes or post-meiotic germ cell stages are included and should help with first 
immunostainings in fly testes. An alternative protocol (modified after Li et al., 2008) is given for 
decondensation before immunofluorescence stainings to enable detection of proteins also on 
compacted chromatin (see Chapter 5). 
4.2.2 Objective of this study: Regulation of acetylation marks on H3K18 and H3K27 by 
Nejire/dCBP 
Alongside chromatin compacting proteins, the modification of histones is likewise an expression of 
dynamic chromatin changes. Methylation of histones at H3K4 and H3K79 is assumed to open the 
chromatin structure (Rathke et al., 2014; Dottermusch-Heidel et al., 2014 a;b) while H3K9 and H3K27 
methylation in transcriptionally silent post-meiotic germ cell stages in Drosophila suggests a 
contribution of these modifications to a repressed chromatin configuration (Rathke et al. 2007). 
Histone acetylation seems to be required for progression of spermiogenesis and is a prerequisite for 
histone removal as is was shown in histone acetyltransferase (HAT) inhibitor cultures with Drosophila 
testes (Awe and Renkawitz-Pohl, 2010). Furthermore, a correlation of different modifications is 
assumed, like the ubiquitination of H2A and a hyper-acetylation event of histone H4 in Drosophila 
(Rathke et al., 2007). Tan et al. discovered lysine crotonylation (Kcr) as mark of sex chromosome 
linked active genes. Alongside of Kcr, various other new modifications have been described to occur 
during spermiogenesis (Tan et al., 2011), making clear that further investigation of histone 
modifications is crucial for a full understanding of chromatin dynamics during Drosophila 
spermatogenesis. 
 13 Chapter 4: Introduction 
This study reveals timing and localisation of several histone modifications, especially for H3 and H4. 
We describe the dependence of these modifications on HAT activity and incorporation of protamines 
using testis inhibitor culture. Furthermore, the inhibitor studies also reveal that crotonylation of 
histones in post-meiotic stages is depending on histone acetylation as Kcr is not detectable anymore 
when HATs are inhibited. Supporting an interdependence of histone acetylation and crotonylation the 
inhibition of histone deacetylases (HDACs) leads to a premature detection of Kcr. Interestingly, 
premature incorporation of protamines cannot be observed upon inhibition of HDACs. We 
characterised the HAT Nejire/dCBP as a key regulator of H3K18 and H3K27 acetylation in 
spermatocytes and in post-meiotic germ cells. Knock-down of Nejire/dCBP does not lead to a 
complete lack of protamines or other post-meiotic chromatin-associated proteins but to sterility in 
male (see Chapter 6). 
4.3 mRNA expression profiles of the Drosophila testis 
Spermatogenesis in animals is driven by a unique regulatory programme. Transcription, both in 
mammals and Drosophila, ceases at a certain point in male germ cell development. Although mice 
show transcription in post-meiotic stages of spermatogenesis (Kierszenbaum and Tres, 1975; Schultz 
et al., 2003) the synthesis of new mRNAs stops upon compaction of chromatin by protamines in late 
germ cell stages and further development relies on stored transcripts (Steger, 2001). The majority of 
transcription in Drosophila germ cells takes place during the spermatocyte stage. After meiosis, newly 
synthesised transcripts are barely detectable (Olivieri and Olivieri, 1965; Gould-Somero and Holland, 
1975). Only a small number of genes have been described to be transcribed during elongation of 
spermatids (Barreau et al., 2008). The absence of active transcriptional processes in late stages of 
spermatogenesis suggests a storage of transcripts in earlier stages. These transcripts are translationally 
repressed and released from repression at the required time (White-Cooper, 2010) as exemplarily 
shown for example for protamine and Mst77F transcripts (Barckmann et al., 2013). So far, many 
transcriptome analyses have been carried out using either microarray or RNAseq approaches. In 
Drosophila, about 50% of genes are transcribed in adult testis tissue (Chintapalli et al., 2007; Graveley 
et al., 2010). Different factors influence the usability of these transcriptome data. Due to translational 
repression of transcripts in spermatocytes, protein expression cannot be deduced directly from the 
abundance of a transcript. Furthermore, a distinction between transcripts expressed in germ cells and 
transcripts expressed in the testis sheath is difficult and has to be examined for each gene in detail. 
Data on protein expression can further strengthen gene expression models and will help to interpret 
transcriptome data. 
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4.4 Objective of this study: the proteome of Drosophila testis 
The generation of proteome data can be implemented in different approaches concerning accuracy and 
effectiveness. A separation of peptide mixtures with 2D gelelectrophoresis and excision of single 
peptide spots from the gel can be followed by mass spectrometry (MS) analysis. This approach was 
used for the identification of 342 proteins from isolated Drosophila sperm (Dorus et al., 2006). An 
analysis of other isolated germ cell stages in the same way is difficult due to the presence of different 
germ cell stages next to each other in the testis tube of flies. Isolation of cyst cells and subsequent in 
vitro culture is a valid method to visualise germ cell development as well as for the application of 
functional studies using inhibitors (Gärtner et al., 2014). However, the isolation of cysts which contain 
a defined germ cell stage for large-scale proteome analyses might be time consuming and a 
contamination with other germ cell stages during cyst isolation is likely. Proteome analyses of whole 
testes from adult flies revealed that 1108 proteins are expressed in testis tissue (Takemori et al., 2009; 
Wasbrough et al., 2010). Taking into account that transcriptome data suggest an expression of many 
thousands of genes (Chintapalli et al., 2007; Graveley et al., 2010), these results may fall too short. 
This study aims to complement the testis proteome of Drosophila and to identify proteins, which 
might not have been detected in previous large-scale proteomic approaches. We use a high throughput 
mass-spectrometry (MS) analysis to identify proteins from protein extracts of whole testis tissue. 
Preparation of protein extracts from different developmental stages enables us to examine the protein 
in a developmental context. The proteome of testes from third instar larvae contains only germ cell 
stages up to the spermatocyte stage so that a proteome from cells before the meiotic divisions can be 
evaluated. Furthermore, proteins from the testis sheath are less abundant in larval testes, as the 
formation of the testis sheath occurs earliest in the pupa (Bodenstein, 1950; Susic-Jung et al., 2012). 
The testis muscles might first contribute to the proteome of pupal testes. We isolated testes from 
pupae, in which germ cell stages up to the elongation of spermatids are expected to be enriched. The 
pupal proteome might therefore cover especially proteins involved in chromatin reorganisation and 
sperm morphogenesis. Finally, the proteome for adult testis tissue will contain all germ cell stages but 
will also represent proteins needed for fully elongated flagella. Taken together, the proteomics data for 
larval, pupal and adult testes identified over 6000 proteins. We also describe expression pattern and 
function of several newly identified proteins for different developmental stages, illustrating how our 
proteome data can contribute to a better understanding of germ cell development (see Chapter 7). 
4.5 Transcriptional regulation in Drosophila spermatocytes 
In general, synthesis of protein-coding transcripts is accompanied by an association of RNA 
Polymerase II (Pol II) with promoter regions. Several protein complexes, the general transcription 
factors (GTFs), define the promoters for basal transcription through RNA Pol II. Activation or 
repression of transcription is often mediated by binding of activators or repressors to subunits of the 
GTFs, which influence the transcriptional initiation or the rate at which Pol II is recruited to a 
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promoter. One of the GTF subunits, TFIID, is a critical regulator for RNA Pol II binding as it contains 
the TATA box-binding protein (TBP), which directly recognizes the TATA-box motif. Fourteen TBP-
associated factors (TAFs) contribute to the TFIID complex and can be targeted by transcriptional 
activators to facilitate recruitment of Pol II to promoter regions (reviewed in Burley and Roeder, 
1996). TFIID forms the pre-initiation complex together with other GTF subunits, TFIIA, TFIIB, 
TFIIE, TFIIF and TFIIH. Both TFIIA and TFIID are evolutionary conserved from yeast to human and 
therefore play a crucial role in the regulation of transcription by serving as a binding platform for 
activator or repressor proteins in many species (reviewed in Freiman, 2009). 
4.5.1 Germ cell-specific variants of general transcription factors 
The occurrence of germ cell-specific variants for somatic GTF subunits across many species of 
vertebrates suggests a regulatory exception for the germ line (Xiao et al., 2006; reviewed in Freiman, 
2009). Examples for germ line-enriched paralogues of the somatic TAFs in mammals are TAF4b and 
TAF7L. TAF4b maintains self-renewal of spermatogonia (Falender et al., 2005) while TAF7L 
replaces the function of TAF7 in the germ cell stages with high transcriptional activity (Pointud et al., 
2003). In Drosophila, the testis-specific variants of general TAFs, the tTAFs, comprise Cannonball 
(Can, TAF5 paralogue), Meiosis I Arrest (Mia, TAF6 paralogue), Spermatocyte Arrest (Sa, TAF8 
paralogue), No Hitter (Nht, TAF4 paralogue) and Ryan Express (Rye, TAF12 paralogue; Hiller et al., 
2001; Hiller et al., 2004). They can be allocated to the can-class of meiotic arrest genes, which 
comprise genes functioning in spermatocytes and which are important for meiosis and onset of 
spermatogenesis. Meiotic arrest mutants cease developmental progression during the spermatocyte 
phase and do not show emergence of spermatids (Lin et al., 1996; reviewed in White-Cooper and 
Davidson, 2011). tTAFs have been shown to be structural similar to the general TAFs and also form 
heterodimers with each other (reviewed in Kolthur-Seetharam et al., 2008). Several spermiogenesis-
relevant genes, like don juan (dj), don juan like (djl), Mst77F, Mst87F, protB and fuzzy onions (fzo) 
have been shown to be regulated by tTAFs (Chen et al., 2005; Hempel et al., 2006; Barckmann et al., 
2013; Lu et al., 2013). With microarray analyses on tTAF mutants it could be shown that several 
thousand genes seem to be regulated by meiotic arrest genes (Lu et al., 2013; Lu and Fuller, 2015; 
White-Cooper and Davidson, 2011).  
Apart from tTAFs, the can-class also includes a gene coding for Mip40, which has been shown to co-
purify with Always early (Aly) and Tombola (Tomb). These are components of the tMAC complex, a 
testis-specific variant of the dREAM complex and belong to the aly-class of genes (Beall et al., 2007; 
Jiang et al., 2007). Together with Comr (Jiang and White-Cooper, 2003) and Topi (Perezgasga et al., 
2004), other components of tMAC, they are supposed to regulate transcription with their DNA-
binding capability (White-Cooper and Davidson, 2011). Over 1000 genes are indeed negatively 
regulated in aly mutants according to microarray data (Doggett et al., 2011). Taken together, tTAFs 
and components of the tMAC complex have the potential to regulate a large set of genes, emphasising 
the role of tissue specific variants for germ cell development. 
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4.6 Bromodomain proteins as epigenetic readers of histone acetylations 
Active transcription is often connected with an open chromatin structure. Acetylation of  
N-terminal histone chains is suggested to be a crucial factor for activation of chromatin (Marushige, 
1976). It was shown that transcribed genes are associated with nearby acetylated histones (Hebbes et 
al., 1988) but also the higher order structure of chromatin can be influenced by single histone 
acetylations (Shogren-Knaak et al., 2006). The recognition of acetylated histones is a known feature of 
bromodomain (BRD)-containing proteins. Bromodomains are conserved domains and appear in 
various proteins featuring different functions, for example by contributing to the function of HATs in 
regulation of gene activity (Dhalluin et al., 1999). It was also shown that bromodomains are part of 
chromatin remodellers like Brahma (Elfring et al., 1998) or even of proteins functioning in 
transcriptional repression (Tae et al., 2011). For the human TAFII250, which contains tandem 
bromodomains, binding to acetylated H4 is supposed to target the TFIID complex to certain chromatin 
targets (Jacobson et al., 2000). Furthermore, bromodomains are the eponymous feature of 
bromodomain and extra-terminal (BET) family proteins, which always contain an extra-terminal (ET) 
domain in addition to one or two bromodomains (reviewed in Florence and Faller, 2001). The yeast 
BET family member Bdf1 needs its ET domain for protein interactions. It is moreover assumed to 
interact with components of yeast TFIID complex to ensure gene expression (Matangkasombut et al., 
2000). The mammalian bromodomain proteins BRD2, BRD3 and BRD4 have a variety of functions in 
many different tissues, underscoring their importance for regulation of gene expression by recruiting 
other proteins (reviewed in Josling et al., 2012). 
Mammalian BRDT was long known as testis-specific, double bromodomain protein with expression 
from spermatocytes to elongating spermatids (Jones et al., 1997; Gaucher et al., 2012). However, other 
studies suggested expression also in oocytes (Paillisson et al., 2007). A variety of functions have been 
described for BRDT, e.g. it is able to remodel chromatin (Pivot-Pajot et al., 2003; Gaucher et al., 
2012) or it can be a component of spliceosome complexes to contribute to mRNA splicing (Berkovits 
et al., 2012). Deletion of the first bromodomain of BRDT causes severe defects in spermiogenesis, like 
malformed spermatid nuclei or defects in formation of the chromocenter, it is also not capable 
anymore of targeting certain promoters in spermatids (Shang et al., 2007; Berkovits and Wolgemuth, 
2011). A brdt null mutant shows defects in earlier germ cell development and 1864 genes are down-
regulated in testes of mutant mice (Gaucher et al., 2012). This indicates a major role for BRDT in gene 
regulation during spermatogenesis. In Drosophila, tBRD-1 was the first discovered BET family 
protein showing testis-specific expression (Leser et al., 2012). 
4.6.1 Objective of this study: The function of the bromodomain protein tBRD-1 in 
transcriptional regulation during spermatogenesis  
tBRD-1 is exclusively expressed in the testis and localises to the nucleus of spermatocytes. It is 
important for male fertility as tbrd-1 mutants are sterile and show defects in spermiogenesis (Leser et 
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al., 2012). This study examines a possible connection between tBRD-1 and the tTAFs in Drosophila 
testes. tBRD-1 localisation depends on tTAF function which was shown for sa mutants. It is also able 
to physically interact with some of the tTAFs in yeast two-hybrid assays (Y2H). We also newly 
characterised tBRD-2 and tBRD-3 as bromodomain proteins, which are expressed in a testis-specific 
manner similar to tBRD-1. An interaction of tBRD-1 and tBRD-2 in the Y2H system indicates that 
they might act together as reader proteins of histone acetylation. A microarray analysis of RNA from 
adult testes revealed a mis-regulation of several hundred of genes in tbrd-1 mutants compared to wild-
type flies. Compared to microarray data for sa mutants, tBRD-1-regulated genes partially overlap with 
those regulated by Sa. sa mutants show the typical meiotic arrest phenotype, ceasing germ cell 
development in the spermatocyte stage (Hiller et al., 2004). tbrd-1 mutants show first defects in 
spermiogenesis where spermatid nuclei do not elongate properly. These findings together with the 
knowledge about a much larger set of target genes for Sa than for tBRD-1 led us to hypothesise a 
cooperation between tBRD-1 and the tTAFs to regulate a subset of target genes (see Chapter 8).  
4.7 Paf1C is conserved in many species and plays a role in transcriptional 
regulation 
The BRD proteins give a hint how the immense amount of different transcripts in male germ cells can 
be differentiated in subsets through testis-specifically expressed variants by supporting the general 
transcription machinery. Lu and Fuller showed that the Mediator complex is a further candidate for 
refinement of the transcriptional program in Drosophila spermatocytes (Lu and Fuller, 2015). 
Mediator is conserved in most species (reviewed in Boube et al., 2002) and moreover does not 
necessarily need GTFs for its recruitment to promoters, as it is itself associated with RNA Pol II (Rani 
et al., 2004). However, the potential of Mediator as a transcriptional regulator in spermatocytes is 
immense as over 1500 genes are down-regulated in testes of Mediator knock-down flies. In addition, a 
co-regulation with tMAC has been described for many target genes of Mediator (Lu and Fuller, 2015). 
It seems likely that there is still a great number of yet unidentified proteins, which can diversify the 
transcriptional regulation achieved by complexes, like Mediator, tMAC or the testis-specific TFIID 
variant. 
In search for further candidates, which could play a role in the regulation of transcription, we found 
that the ubiquitously expressed Rtf1 is also present in male germ cells (Dottermusch-Heidel, 
unpublished data). Rtf1 is a component of the Paf1 complex (Paf1C), which is conserved among all 
eukaryotes with its subunits Paf1, Cdc73, Leo1, Ctr9 and Rtf1 (reviewed in Tomson and Arndt, 2013). 
Paf1C is physically associated with RNA Pol II in yeast and human (Wade et al., 1996; Kim et al., 
2010), indicating a role in transcriptional regulation. Across eukaryotes, many studies on Paf1C 
function have been carried out. Two major roles for the complex stand out: the modification of 
chromatin and the regulation of transcription-related processes. Chromatin modifications, like 
ubiquitination of H2B or methylation of H3K4 and H3K79, depend on the function of Paf1C (Ng et 
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al., 2003; Wood et al., 2003). These modifications are often connected to transcriptional elongation by 
RNA Pol II (Xiao et al., 2005; Warner et al., 2007). The association of Cdc73 and Paf1 with 3’ mRNA 
processing factors is an example for the connection of Paf1C with transcription-related processes 
(Rozenblatt-Rosen et al., 2009; Penheiter et al., 2005). In Drosophila, Paf1C and especially its 
component Rtf1 was shown to be important for histone modification, Notch signalling and also for the 
regulation of transcription (Tenney et al., 2006; Adelman et al., 2006). 
4.7.1 Various functions of the Plus3 domain protein Rtf1 
Like other Paf1C components, Rtf1 is a very conserved protein and can be found in yeast, mammals 
and flies. Rtf1 has several protein domains whose functions have been examined in different species. 
However, the results might be transferable to other species due to the conservation of Rtf1. The 
histone modification domain (HMD) was shown to be essential for histone modification in 
cooperation with the chromatin remodeller Chd1 in yeast. The C-terminus of Rtf1 is needed for the 
interaction with other components of Paf1C (Warner et al., 2007). The most interesting structural 
domain is the Plus3 domain of Rtf1. Across all higher eukaryotes only few Plus3 domain-containing 
proteins are known and often only a single gene coding a Plus3 domain can be found, which makes 
Rtf1 a protein with unique properties. Plus3 domains have a conserved secondary structure, which is 
determined by several conserved amino acids. Three positively charged amino acids are eponymous 
for the Plus3 domain and provide a binding capacity for negatively charged nucleotides. Indeed it has 
been demonstrated for human Rtf1 that it can bind single-stranded DNA in vitro (De Jong et al., 
2008). The Plus3 domain of yeast Rtf1 is important for association with open reading frames and for 
recruitment of the Paf1C to chromatin (Warner et al., 2007; Wier et al., 2013). Interestingly, several 
groups report that Rtf1 is not always tightly associated with all other components of the Paf1C 
(Rozenblatt-Rosen et al., 2005; Adelman et al., 2006; Kim et al., 2010). Knock-down of Rtf1 yields 
numerous mis-regulated genes but the overlap with regulated genes upon knock-down of other Paf1C 
components was only minor, indicating that Rtf1 can contribute to transcriptional regulation outside of 
Paf1C (Cao et al., 2015). 
4.7.2 Objective of this study: The expression and function of the testis-enriched Plus3 domain 
proteins tPlus3a and tPlus3b 
Like many other species, Drosophila has a homologue for Rtf1. Strikingly, there are three other genes 
in flies, which have potential to code for Plus3 domain proteins. Microarray data suggest that 
CG12498, CG31702 and CG31703 transcripts are enriched in the fly testis (Chintapalli et al., 2007). 
In this study, we focus on expression and function of CG31702 (named tPlus3a) and CG31703 (named 
tPlus3b) in search for further proteins taking part in transcriptional regulation in germ cells. As 
previously mentioned, the testis-specific BRD proteins are candidates for refining transcriptional 
regulation in the testis. Taking into account that there are thousands of genes expressed in male germ 
cells, the contribution of BRD proteins seems to be insufficient to explain how a specialised 
transcription like in spermatocytes can be accomplished. Here, we show that tPlus3a and tPlus3b have 
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a conserved Plus3 domain comparable to Rtf1 and that they are expressed in spermatocytes. Mutants 
show a severely reduced fertility and defects during the individualisation of sperm. Comparative 
RNAseq analyses of testes from tplus3a/tplus3b mutants and tbrd-1 mutants reveals a large set of 
genes regulated in both mutants. When we compared the microarray data of tplus3a/tplus3b mutants to 
microarray data for a tbrd-2 knock-down the overlap of regulated genes was only minor. We therefore 
conclude that tPlus3a and tPlus3b co-regulate a subset of target genes with tBRD-1 but not with 
tBRD-2. We hypothesise that Plus3 domain proteins in the testis further contribute to the 
diversification of transcriptional regulation in spermatocytes (see Chapter 9). 
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10 Discussion 
Many aspects of Drosophila spermatogenesis can contribute to a better understanding of cellular and 
developmental processes. The testes of flies are easy to access and can also be used in in vitro culture 
systems for pharmacological studies on whole testes or even on isolated cysts (Gärtner et al., 2014). 
This enabled us to study the impact of inhibitors for HATs and HDACs on histone acetylations in 
post-meiotic germ cells (Chapter 6; Hundertmark, et al., in press) as discussed in Chapter 10.2 along 
with the role of a specific HAT - Nejire/dCBP - for distinct histone marks. These studies can only be 
carried out by visualising proteins or modifications, e.g. by using immunofluorescence stainings. 
Therefore, a reproducible protocol for this method (Chapter 5; Hundertmark et al., 2017) is a valuable 
tool and might also help to visualise proteins, which are difficult to access as discussed below 
(Chapter 10.1). In our large-scale proteomic approach, we identified thousands of proteins expressed 
in different developmental stages. We validated these findings for some of the identified proteins 
(Chapter 7; Gärtner et al., under review). Discussion concerning the expression and function of these 
proteins is given in Chapter 10.3. The transcriptional programme driving spermatogenesis is a special 
one compared to somatic tissues. Flies and mammals almost completely cease synthesis of new 
transcripts at certain points in male germ cell development. Transcripts that are synthesised in 
Drosophila spermatocytes are very diverse, as they are needed in different developmental stages and 
biological processes. Testis-specific components of transcription factors are suggested to take part in 
the regulation of transcription in male germ cells (reviewed in White-Cooper and Davidson, 2011). 
We describe testis-specifically expressed BRD proteins and show that tBRD-1 functions in 
transcriptional regulation in spermatocytes (Chapter 8; Theofel et al., 2014). This might specify a 
subset of target genes regulated by tTAFs. Further unpublished experiments examining the function of 
tBRD-3 are additionally discussed in Chapter 10.4. In addition to BRD proteins, other factors might 
influence transcriptional regulation in spermatocytes. We identified two Plus3 domain proteins 
enriched in spermatocytes, tPlus3a and tPlus3b. Their interaction with tBRD-1 indicates that they 
might as well be part of the testis transcription machinery (Chapter 9; Hundertmark et al., under 
review). Discussion on identified target genes and unpublished observations on a third Plus3 domain 
protein enriched in the testis can be found in Chapter 10.5. 
10.1 Decondensation of chromatin enables detection of previously undetectable 
proteins in sperm 
In the context of this thesis, a protocol for immunofluorescence-based detection of proteins in male 
germ cells is developed (Chapter 5; Hundertmark et al., 2017). It provides assistance for setting up 
first stainings and covers different germ cell stages. The spermatocyte stage is characterised by clearly 
separated chromosomal areas, which are visible in the nucleus with Hoechst staining. Proper staining 
and magnification can visualise proteins located over the chromosomal areas. The nucleolus and other 
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structures like nuclear speckles can likewise be detected this way and enable to distinguish protein 
expression in different compartments within the nucleus. Post-meiotic chromatin components, like 
Tpl94D, tHMG-1 and tHMG-2, are detectable transiently until the late canoe stage (Gärtner et al., 
2015). Using standard immunofluorescence protocols transient expression until the canoe stage could 
also be observed for Prtl99C, which is suggested to compact post-meiotic chromatin. However, 
transgenic flies expressing Prtl99C-eGFP controlled by its own regulatory region revealed a persisting 
signal in mature sperm (Eren-Giani et al., 2015). This indicates that the antibody for Prtl99C might not 
be able to recognise the epitope due to the high compaction of the chromatin in mature sperm. In such 
cases, a variation of the standard immunofluorescence protocol can help to open the chromatin 
structure and therefore expose the epitope of Prtl99C, which was previously undetectable (Eren-Ghiani 
et al., 2015). Similar problems with detection of proteins in a highly compact chromatin environment 
were reported for other proteins as well (Miller et al., 2010). A variation in protocol with regard to 
decondensation of sperm chromatin is described in our study. It is unclear how many proteins in post-
meiotic germ cell development could be affected by the strong compaction of chromatin and are 
therefore hard to detect. The formation of disulphide bridges between cysteines in the very basic 
sperm compacting proteins is one of the main factors for the chromatin stability (reviewed in 
Björndahl and Kvist, 2011). Release of disulphide bridges is required after fertilisation in order to 
decondense sperm chromatin, requiring a specific thioredoxin (Tirmarche et al., 2016). The above-
mentioned examples suggest that the decondensation protocol developed in our study should 
accompany every analysis of post-meiotic chromatin component. An alternative could be the 
generation of transgenic flies expressing tagged fusion proteins or reporter lines expressing lacZ or 
fluorescent tags controlled by the regulatory region of a certain protein. The question if some 
chromatin components might not be detectable in sperm due to highly compact chromatin has also 
been asked for human spermatogenesis. Using chromatin decondensation, Li et al. could show that 
histone expression was partially overlapping with protamines in human sperm nuclei, although both 
were localised to different compartments of the nucleus (Li et al., 2008). Another publication 
describing the expression of key players during mouse and human spermatogenesis also discusses the 
possibility whether different fixation methods for immunohistology might yield aberrant expression 
patterns for some proteins (Klaus et al., 2016). These studies emphasise the importance of elaborated 
protocols for antibody staining on tissues with dynamic chromatin content. 
10.2 Efficient synthesis of sperm chromatin packaging proteins depends on 
H3K18 and H3K27 acetylation 
The histone-to-protamine transition during spermatogenesis implicates a compaction of chromatin. 
Although the exact reason for such a drastic alteration of the chromatin configuration is not fully 
understood, several functions for protamination have been proposed (reviewed in Rathke et al., 2014). 
It is still unclear what molecular mechanisms are required to accomplish the exchange of histones. A 
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remarkable wave of histone hyperacetylation can be observed directly before the histone-to-protamine 
switch in mammals (Meistrich et al., 1993) as well as in Drosophila (Rathke et al., 2007). Most 
propably, the acetylation status of histones is an essential factor for the incorporation of protamines. 
This was shown by in vitro studies using isolated nucleosomes (Oliva et al., 1987) and by inhibitor 
treatment of testes in an in vitro culture system (Awe and Renkawitz-Pohl, 2010; Gärtner et al., 2014). 
Treatment with the HAT inhibitor anacardic acid prevents maturation of sperm and incorporation of 
protamines. Notably, the inhibition of HDACs leads to an increased acetylation status yet in early 
spermiogenesis but not to a premature exchange of histones (Gärtner et al., 2014). Our study provides 
a detailed map of single histone acetylations, especially on histones H3 and H4, occurring during 
spermiogenesis as well as in the spermatocyte stage (Chapter 6; Hundertmark et al., 2018). While 
H4K5, H4K8 and H4K12 were acetylated continuously from spermatocytes until early canoe stage, 
H3 acetylation seemed to be generated de novo in post-meiotic stages. H3K9ac was detectable in 
spermatocytes and again in young elongating spermatids, which corresponds to the findings of Hennig 
and Weyrich (2013), who also detected H3K9ac in early spermatocytes and - after being absent - again 
in young spermatids. For the first time, we describe that acetylations on H3K14, H3K18, H3K23 and 
H3K27 occur in spermatocytes and later in canoe stage nuclei during Drosophila spermatogenesis. 
H3K9, H3K18 and H3K23 acetylation are also known features from post-meiotic spermatogenesis in 
mammals (Song et al., 2011). 
Treatment with anacardic acid revealed that all of these acetylations are affected by inhibition of 
HATs. Anacardic acid inhibits a wide range of HATs, covering p300, PCAF and MYST families 
(Balasubramanyam et al., 2003; Sun et al., 2006). Unspecific inhibition by anacardic acid and the fact 
that few candidate enzymes have been identified to play a role in regulating histone acetylations in 
germ cells makes it difficult to evaluate the impact of HATs on specific histone acetylations. This 
thesis contributed to the characterisation of Nejire/dCBP, which belongs to the p300 HAT family, as a 
contributor to acetylation of H3K18 and H3K27 in spermatocytes and in canoe stage spermatids. Upon 
knock-down of nejire in germ cells both acetylations were not detectable anymore. A direct 
acetylation of H3K18 and H3K27 through Nejire/dCBP in the spermatocyte stage seems likely as the 
modifications could be detected simultaneously with Nejire/dCBP in this stage. H3K18ac and 
H3K27ac set by Nejire/dCBP were shown to be connected with transcriptional regulation in 
Drosophila embryos (Tie et al., 2016). This might be also a possible function in transcriptional highly 
active spermatocytes. Indeed, reduction of Nejire/dCBP in spermatocytes led to loss of H3K18ac and 
H3K27ac in spermatocytes and reduced transcript levels of protA and prtl99C. The nejire/dCBP 
transcript level after RNAi treatment is reduced to about one third of the wild-type level, which might 
explain the residual transcripts of protA and prtl99C (Hundertmark et al., 2018). However, the reduced 
transcript levels could also represent nejire transcripts in somatic cells, which are not affected by the 
RNAi knock-down. Clearly, we need further investigations to decide if Nejire/dCBP directly or 
indirectly regulates protA and prtl99C transcripts. 
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The post-meiotic function of Nejire/dCBP remains unclear because it is detected in late canoe stage 
spermatids while H3K18ac and H3K27ac were only visible in early canoe stage spermatids. This 
raises the question if another HAT expressed in post-meiotic germ cell stages might be responsible for 
acetylation of H3K18 and H3K27 in early canoe stage. Our proteome analysis revealed that, besides 
Nejire/dCBP, the HAT Hat1 is also expressed in Drosophila testes (Chapter 7; Gärtner et al., in 
preparation). Hat1 was shown to have a binding specificity for histone H4 (Boltengagen et al., 2016), 
suggesting that it is not directly involved in modifying H3. Thus, Hat1 can be considered as a potential 
candidate for acetylation of H4K5, H4K8 and H4K12 in germ cells rather than H3K18 and H3K27 
acetylation. Nejire/dCBP remains the only enzyme with proven target specificity for H3K18 and 
H3K27 acetylation. In Drosophila embryogenesis, chromatin occupancy by Nejire/dCBP does not 
always entail an acetylation of histones at the respective sites. Nejire/dCBP was observed at sites of 
inactive genes but respective acetylation marks were missing in some cases. Instead, H3K27 tri-
methylation was detected at these sites, which led to the assumption that histone acetylation by 
Nejire/dCBP might be repressed by H3K27 tri-methylation (Holmqvist et al., 2012). This might be an 
explanation for Nejire/dCBP detection in late canoe stage where it could represent a functionally 
repressed form of the enzyme, which is not able to acetylate histones due to presence of histone tri-
methylation. However, presence of histones has not been described for late germ cell stages so far. 
Here, a sensitive antibody would be needed to detect potentially remaining amounts of histones or 
histone modifications. 
An active form of Nejire/dCBP might not be detectable in early canoe stage due to a masked antibody 
epitope caused by stable integration of Nejire/dCBP in a protein complex. However, this explanation 
would then raise the question which function Nejire/dCBP performs in spermatocytes, as we are able 
to detect Nejire/dCBP in in this stage. There is still the possibility left that we only detect a 
functionally repressed form of Nejire/dCBP in spermatocytes as well while an active form is masked. 
It can also not be excluded that a yet undescribed HAT is expressed in germ cells to specifically 
modify H3K18 and H3K27 in post-meiotic germ cells. 
Other candidates for post-meiotic acetylation of histones are given as supplementary information 
(Chapter 6; Table S1, Hundertmark et al., 2018). Taking into account our proteome data, the family of 
GNAT HATs is strongly represented in the testis (San, Naa20A, Naa20B, Naa30A, Naa30B, Naa40, 
Naa60, San, L(1)G0020, CG12560, Vnc, Gnpnat, CG4210, CG31730 and AANATL2). A well-known 
GNAT family member in Drosophila is Gcn5/PCAF. This protein is not detected in our testis 
proteome data but was shown to have HAT activity for histone H3 and H4 (Suganuma et al., 2008). 
Furthermore, a crosstalk between mammalian Gcn5/PCAF and CBP-mediated histone modifications 
has been described by Kornacki et al. (2015). Thus, HATs of the GNAT family could on the one hand 
influence modification of histones in cooperation with Nejire/dCBP and on the other hand directly set 
histone modifications themselves. Especially CG31730 and Naa60 might be candidates for enzymes 
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that catalyse histone modifications in post-meiotic stages as they are exclusively found in the adult or 
the pupal proteome, respectively. 
Mof is a member of the MYST family, which comprises several HATs, and is known for acetylation 
of H4K16 (Schiemann et al., 2010). Our proteome data suggest that Mof is also expressed in the 
Drosophila testis, representing the only detected MYST family protein. Strikingly, apart from HAT 
activity, a recent study described a crotonylation activity for mammalian Mof as well as for CBP (Liu 
et al., 2017). Therefore, Nejire/dCBP and Mof are promising candidates for catalysing the post-
meiotic histone crotonylation wave described in our study. CG1894 is a further HAT candidate, which 
might play a role in spermatogenesis. We could not detect CG1894 in the testes proteome but 
Heseding et al. (2017) described its presence in germ cells.  
Combining our proteome data with the histone modification map in germ cells might yield new 
insights into the histone-to-protamine transition. Further proteins for the regulation of these histone 
modifications have to be postulated, as knock-down of nejire does not lead to a decreased 
incorporation of post-meiotic chromatin components while inhibition of global histone acetylation 
ceases protamination completely. 
10.3 The Drosophila melanogaster testis proteome comprises several thousand 
proteins 
Many studies deal with the analysis of expression in Drosophila, covering different tissues or 
developmental processes. The testis is a challenging tissue to study, nevertheless there is a wide range 
of transcriptome and proteome data available. A common problem for examination of testis tissue is 
often the presence of somatic cells, which are connected to the germ cells. Beside the testis sheath, the 
germ cell bundles are surrounded by somatic cyst cells. These are first removed during 
individualisation.  
A large portion of transcripts is not directly translated in the transcriptional highly active spermatocyte 
phase but gradually during post-meiotic spermatogenesis. Therefore, transcriptome data provide an 
indication of protein expression throughout the testis, but it is difficult to predict protein expression at 
various stages of spermatogenesis. We generated proteome data for three different stages of testes 
development, enabling identification of proteins along with proceeding germ cell differentiation. 
Taken together the proteome data from all three stages we identified over 6000 proteins (Chapter 7; 
Table S1; Gärtner et al., under review). This widely expands existing proteome data from previous 
studies (Takemori et al., 2009; Wasbrough et al., 2010) and adds the utility of a staged proteome. So 
far, only a staged transcriptome exists for Drosophila testes. Vibranovski et al., (2009; SpermPress 
database) fractioned whole adult testes in three parts, representing mitotic germ cells until the 
spermatocyte stage, meiotic germ cells with dividing germ cells and finally post-meiotic germ cells 
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comprising mostly spermatid stages. However, RNA extracted with this method might be 
contaminated with other germ cell stages in the separated testis parts and should be handled carefully. 
Nevertheless, a comparison of these transcriptome data with our proteome data might yield new 
insights into transcripts that are translationally repressed. 
RNAseq data generated by the modENCODE consortium might be a good source of information on 
the transcriptome of different developmental stages as well (Graveley et al., 2011). We identified 
CG8701 as part of the adult testes proteome but not of larval or pupal testes. Developmental RNAseq 
data already give a hint on the expression of CG8701 transcripts, which are highly enriched in adult 
flies and hardly detectable in larval testes. This kind of comparison between transcriptome and 
proteome data might be useful, especially for germ cell-specifically expressed genes, as there will be 
no overlay of transcripts from germ cells with transcripts from somatic cells like cyst cells. For 
CG8701, a similar result can be observed in comparison to transcript data from the SpermPress 
database where its transcripts are enriched in the post-meiotic fraction (Vibranovski et al., 2009). Our 
proteome data will therefore contribute to the clarification of expression patterns of many transcripts 
and proteins.  
10.4 Testis-specifically expressed BRD proteins regulate expression of a subset of 
target genes in cooperation with tTAFs 
More than half of all annotated Drosophila genes are expressed in the testis (Chintapalli et al., 2007). 
So far, several multiprotein complexes have been described to regulate transcription for a large portion 
of the testis-expressed genes. A tTAF-containing TFIID complex together with the tMAC and the 
Mediator complex regulate thousands of genes. Meiotic arrest mutants as well as mutants for 
components of the Mediator complex terminate germ cell development in the spermatocyte stage, 
indicating that the regulated genes are already needed in a very early phase of spermatogenesis 
(reviewed in White-Cooper and Davidson, 2011; Lu and Fuller, 2015). It seems unlikely that such a 
large number of genes is regulated only by a few complexes and therefore, other proteins are 
suggested to play a role in the recognition of target genes. This thesis contributed to the identification 
of target genes for the BRD protein tBRD-1 and to the characterisation of two other testis-specifically 
expressed BRD proteins, tBRD-2 and tBRD-3 (Chapter 8; Theofel et al., 2014). tbrd-1 mutants exhibit 
a phenotype different from the meiotic arrest mutant phenotype as the germ cells reach post-meiotic 
stages but do not further develop to mature sperm (Leser et al., 2012). Several hundred genes are up- 
or down-regulated in tbrd-1 mutants and a comparison with genes regulated by the tTAF Sa revealed a 
set of 200 common target genes. We therefore suggest tBRD-1 as a further regulator of transcription in 
germ cells recognising acetylated histones via its bromodomains. Binding of acetylated histones is a 
common feature of bromodomain proteins. The affinity of proteins containing two bromodomains for 
acetylated histones is higher than of proteins featuring a single bromodomain (Dhalluin et al., 1999, 
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reviewed in Florence and Faller, 2001). BRDT is a mammalian bromodomain protein containing two 
bromodomains similar to tBRD-1; it was shown to regulate transcription in mouse germ cells 
(Gaucher et al., 2012). BRDT also comprises an ET domain and thus belongs to the BET family. Even 
though tBRD-1 does not have an ET domain, the two other BRD proteins expressed in the Drosophila 
testis, tBRD-2 and tBRD-3, contain a single bromodomain as well as an ET domain. In general, BET 
family members in animals contain more than one bromodomain whereas BET family members in 
plants are characterised by a single bromodomain (Florence and Faller, 2001). We concluded that 
tBRD-2 and tBRD-3 might represent a special variant of animal BET proteins. Strikingly, tBRD-1 and 
tBRD-2 are able to physically interact with each other providing a possible functional dependency 
between the two proteins. By their interaction, tBRD-1 and tBRD-2 could even display a heterodimer 
with all features of a BET family member as it was also suggested by Kimura and Loppin (2015). 
Indeed, in a subsequent study, it was shown that tBRD-2 co-regulates a subset of genes together with 
tBRD-1; more than half of the potential tBRD-2 target genes are shared with tBRD-1 (Theofel et al., 
2017). This further strengthens the hypothesis that the BRDs contribute to a testis-specific mechanism 
of gene regulation. In the course of this study, it was also validated that tBRD-1 is able to bind 
acetylated histones tails in vitro. Interestingly, the opposite result was observed for tBRD-2, indicating 
that the tBRD-2 protein might need further interacting proteins to fulfil a function as a reader of 
histone acetylations (Theofel et al., 2017). We already observed that the subcellular localisation of 
tBRD-2 is depending on tBRD-1 function (Theofel et al., 2014). tBRD-1 might therefore be required 
for the recruitment of tBRD-2 to target sites. As both proteins seem to regulate a subset of genes also 
independent of each other, an interaction of tBRD-1 and tBRD-2 could be considered as transient until 
tBRD-2 has been directed to chromatin. It also seems possible that tBRD-1 has a higher affinity for 
some chromatin regions than tBRD-2, which is supported by the increased binding capacity of tBRD-1 
to acetylated histone peptides in vitro. Additional interaction between tBRD-2 and tBRD-1 might 
further increase the binding affinity to even more histone acetylation sites. 
However, the exact mechanism how the testis-specifically expressed BRD proteins in Drosophila 
regulate transcription is still unclear. They might bind acetylated histones in order to guide other 
proteins to specific target sites in the genome; this is supported by the interaction of tBRD-1 with 
some of the tTAFs (Theofel et al., 2014). Other functions for the BRDs cannot be excluded, since 
mammalian BRDT was shown to interact with components of the spliceosome and its N-terminal 
bromodomain is an essential feature for a testis-specific splicing mechanism (Berkovits et al., 2012). 
This might also apply for the BRDs in the Drosophila testis. It should be kept in mind that in tbrd-1 
mutants and in tbrd-2 knock-down several genes are activated, indicating that transcription of these 
genes is usually repressed by the BRD proteins (Theofel et al., 2017). As some of these repressed 
targets are also shared with tTAFs, this might be a mechanism to silence genes which are not needed 
for germ cell development.  
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10.4.1 Unpublished observation: tBRD-3 might be dispensable for spermatogenesis 
The least described protein of the three identified testis-specific expressed BRDs is tBRD-3. In the 
beginning of this thesis the elucidation of tBRD-3 function was prioritised. Beforehand, a P-element 
mobilisation had been carried out to generate loss-of-function mutants for tbrd-3. These mutants were 
fertile and anti-tBRD-3 immunofluorescence staining did not show any significant change in protein 
expression (Theofel PhD thesis, 2016). However, the P-element mobilisation might have been 
insufficient to generate a loss-of-function mutant. Additionally, the genome region in the tbrd-3 
mutant left the possibility of an alternative start codon, which would lead to a truncated form of tBRD-
3. This thesis aimed to generate a tbrd-3 mutant, which represents a loss-of-function mutant. 
Therefore, the CRISPR/Cas9 system was used to generate several tbrd-3 mutant lines. Generation of 
transgenic flies for sgRNA strains and crossing to Cas9 strain was carried out as described in Kondo 
and Ueda (2013). The resulting mutants were screened for mutations within the region of the target 
construct via PCR and sequenced to determine the exact genomic situation. An alignment of mutant 
tbrd-3 lines to the wild-type sequence is given in Appendix A. Two different sgRNA lines were used, 
each resulting in a mutation within the open reading frame. All generated mutations should result in a 
frame shift and therefore in nonsense translation for the downstream sequence. Line 2.30 yielded a 
STOP codon near the mutated site. The fly lines were analysed with anti-tBRD-3 immunofluorescence 
staining and in Western Blot experiments to see if a differential signal for tBRD-3 would be 
detectable. All of the examined mutant lines showed a wild-typic phenotype of the germ cells, the anti-
tBRD-3 signal was still detectable in spermatocytes and was only slightly weaker in rare cases. 
Western Blot signals were comparable to the wild-type and flies were fertile. These results suggest 
that the antibody used for detection of tBRD-3 in immunofluorescence staining and Western Blot 
might be insufficient to properly detect the tBRD-3 protein. The described mutations should clearly 
result in a loss-of-function for tbrd-3 as the region coding for its bromodomain was always affected. 
As the flies were still fertile and did not exhibit an obvious phenotype we concluded that tBRD-3 
might not be essential for spermatogenesis. It cannot be excluded that the other bromodomain proteins 
are able to replace the function of tBRD-3. Other studies carried out for tBRD-3 could not identify the 
protein in mass spectrometric data for tBRD-1 pulldown experiments, suggesting that it is not part of a 
complex with tBRD-1 (Kimura and Loppin, 2015). However, our proteome data revealed low levels 
for tBRD-3 in larval and pupal testes, indicating that the protein is expressed in germ cells (Chapter 7). 
The results for the tbrd-3 mutant generation let us to assume that the tbrd-3 gene could be the product 
of a gene duplication, which might have either lost its functionality for spermatogenesis over time or 
might have never had one. 
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10.5 Plus3 domain proteins support transcriptional regulation in Drosophila 
spermatocytes  
We aimed to identify further proteins besides BRD proteins which might act as transcription factors or 
as interaction partners of such in Drosophila germ cells. The Paf1 complex is a promising candidate as 
its role in transcription has been described for many species (reviewed in Tomson and Arndt, 2013). In 
our large-scale proteomic approach we found components of Paf1C in the testis (Chapter 7). Rtf1, 
Cdc73 (Hyrax) and Ctr9 were present from larval to adult testes, while Leo1 (Another transcription 
unit) and Paf1 (Antimeros) were not detected in any stage. Leo1 and Paf1 might not have been 
detected due to low expression levels of the proteins in testis tissue. Furthermore, it cannot be 
excluded that yet undescribed paralogues exist in the testis as it was observed for the tTAFs or the 
tMAC complex (Hiller et al., 2004; Beall et al., 2007). However, previous studies on Drosophila Rtf1 
described that it can also be observed while not associated with other Paf1C components (Adelman et 
al., 2006). These findings indicate that Rtf1 might be able to fulfil a function without other Paf1C 
components; this is further supported by results for human Rtf1 (Kim et al., 2010). 
A database search (Flybase) identified further genes with coding capacity for Plus3 domain proteins 
and enrichment of corresponding transcripts in the testis. In situ hybridisation indeed revealed 
transcripts in the spermatocyte phase for CG12498 (Dottermusch-Heidel and Renkawitz-Pohl 
unpublished). In agreement with that, our proteome data suggested that, apart from ubiquitously 
expressed Rtf1, further Plus3 domain-containing proteins are expressed in the Drosophila testis, 
tPlus3a, tPlus3b, and CG12498. tPlus3b was detected in larval and pupal testes while tPlus3a was not 
observed in any stage. Due to the nearly identical amino acid sequence it is not clear if both proteins 
could be discriminated from each other in a proteome analysis. Main objective of this thesis was the 
analysis of expression and function of tplus3a and tplus3b as testis enriched Plus3 domain protein 
coding genes (Chapter 9; Hundertmark et al., under review). tPlus3a/tPlus3b share a conserved Plus3 
domain with Rtf1 featuring all amino acids which are important for the secondary structure of the 
domain. In contrast, the histone modification domain of Rtf1 cannot be found in tPlus3/tPlus3b, 
suggesting that the testis-enriched Plus3 domain proteins are not directly involved in the modification 
of histones. Nevertheless, they might still be part of a protein complex performing this function. The 
Plus3 domain structure has been analysed best for human Rtf1. De Jong et al. (2008) described the in 
vitro formation of a protein-DNA complex using either single stranded DNA or by mimicking a 
transcription bubble in addition with a recombinant Rtf1 Plus3 domain. This experiment indicates that 
the Plus3 domain of Rtf1 might have a function in binding single-stranded DNA, possibly in order to 
associate with open reading frames on active transcription sites. A deletion of parts of the Plus3 
domain in yeast Rtf1 was reported to cause dissociation of Rtf1 from open reading frames (Warner et 
al., 2007). Furthermore, the Plus3 domain of Rtf1 was shown to be important for recruitment of Spt5, 
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a general factor involved in transcription elongation (Wier et al., 2013). These studies on Rtf1 function 
and especially its Plus3 domain led us to consider a similar function for tPlus3a/tPlus3b.  
In our RNAseq data for tplus3a/tplus3b-deficient flies we found many up- and down-regulated genes. 
Among the down-regulated genes, kl-3 and kl-5 are male fertility factors, which are coded on the 
Drosophila Y-chromosome (Brosseau, 1959). This is also the case for ory, coding for an Occludin-
related protein (Carvalho et al., 2000). While kl-3 and kl-5 genes are transcribed, distinct structures, 
the so-called lampbrush loops, are formed and represent the respective gene activation (Bonaccorsi et 
al., 1988). The Y-chromosomal fertility factors are encoded in huge genomic loci, spanning millions 
of base pairs with large introns (Gatti and Pimpinelli, 1983). We observed tPlus3a/tPlus3b localisation 
in the nucleus of spermatocytes; some spots seemed to contrast from other areas of the nucleus. These 
spots might represent tPlus3a/tPlus3b localisation at the lampbrush loops. We therefore hypothesise 
that tPlus3a/tPlus3b regulate transcription of the Y-chromosomal fertility factors kl-3 and kl-5 by 
association with the large area reflecting the active transcription of these genes. As described above, 
the Plus3 domain of Rtf1 is presumably able to bind single-stranded DNA and specifically associates 
with transcriptional active open reading frames. This mechanism could also serve for gene regulation 
by tPlus3a/tPlus3b. The extremely extensive transcriptional areas might be stabilised by binding of 
tPlus3a/tPlus3b to the open reading frames of the fertility factors. 
Another possible option how tPlus3a/tPlus3b could regulate gene expression is the participation in the 
3’-end formation as reported by Nordick et al. (2008) for yeast Rtf1. Rtf1 was shown to be crucial for 
the recruitment of other proteins to RNA Pol II during transcription elongation. However, this 
hypothesised function for tPlus3a/tPlus3b requires further investigations as Rtf1 is a constant part of 
the Paf1C while, so far, tPlus3a/tPlus3b were only shown to interact with tBRD-1 in our study. 
However, we did not test interaction of tPlus3a/tPlus3b with Paf1C components. The partial 
conservation of the C-terminal protein interaction domain of tPlus3a/tPlus3b suggests that it might 
share interaction partners of Rtf1. De Jong et al. (2008) raised the question how stable human Rtf1 
association with other Paf1C components is and how this influences its function. They proposed a 
transient role for Rtf1 in transcription regulation as Paf1C is still able to interact with RNA Pol II 
when Rtf1 is absent. A mechanism of transcription regulation, which is rather focussed on a small and 
specific gene set, could also be conceivable for tPlus3a/tPlus3b. The gene set regulated by 
tPlus3a/tPlus3b is much smaller than the ones regulated by tBRD-1 or other testis-specific 
transcription complexes, like the tTAF-containing TFIID or tMAC, indicating that tPlus3a/tPlus3b 
might fulfil a specified function for only a few genes. In general, many transcipts of germ line 
expressed genes are down-regulated and those of genes expressed in the soma of the reproductive 
system are up-regulated in tplus3a/tplus3b mutant testes. If these genes are directly or indirectly 
regulated by tPlus3a/tPlus3b needs to be determined by biochemical assays.  
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10.5.1 Unpublished observation: testis-enriched CG12498 might complement the function of 
tPlus3a/tPlus3b 
CG12498 is a fourth gene coding for a Plus3 domain-containing protein in Drosophila. Our protein 
alignment revealed that the Plus3 domain of CG12498 is conserved as well (Chapter 9). Previous 
experiments aimed to identify the expression of CG12498. In situ hybridisation revealed that 
CG12498 transcripts are expressed in early germ cell stages. Unfortunately, the generation of 
transgenic flies expressing CG12498-mCherry under the control of its own regulatory region yielded 
no observable signal in spermatocytes or other germ cells (Dottermusch-Heidel and Renkawitz-Pohl 
unpublished data). However, we found CG12498 in our proteome data as part of all examined testis 
stages, indicating that the protein is indeed expressed and might as well play a role for germ cell 
development. 
To fully understand the function of Plus3 domain-containing proteins in the testis, the generation of 
CG12498 mutants was the next step, aiming to get a loss-of-function mutant for further analysis. 
Making use of the CRISPR/Cas9 system (Kondo and Ueda, 2013) we first generated transgenic flies 
for three individual sgRNAs of which only one turned out to be functional for mutagenesis. The 
screening of the resulting offspring after crossing with a Cas9 fly strain revealed several different 
mutant lines, representative examples of deletions and insertions are depicted in Appendix B. Most of 
the deletions would result in a frame shift shortly after the start codon of CG12498 yielding nonsense 
information for the downstream open reading frame. This was the case for line 1.1, which carried a 
deletion of 14 base pairs and was used for further experiments. CG12498 mutant line 1.1 was analysed 
with fertility tests, revealing that the flies were male fertile. However, when line 1.1 was crossed 
together with ∆tplus3a/tplus3b mutants in trans with Df(2L)BSC151 the resulting males, deficient for 
all three Plus3 domain-containing protein coding genes, were completely sterile. A first analysis of 
these flies showed no obvious change in phenotype compared to ∆tplus3a/tplus3b/Df(2L)BSC151 
males that exhibit reduced fertility (described in chapter 9). These results suggest that tPlus3a/tPlus3b 
function in ∆tplus3a/tplus3b/Df(2L)BSC151 males might be partially replaced by CG12498, while 
flies deficient for all three genes are sterile. CG12498 alone does not seem to be essential for 
spermatogenesis as mutant flies do not have a mutant phenotype. 
It has to be kept in mind that off-target effects can occur using the CRISPR/Cas9 system. We 
minimised the risk for an influence of off-target effects on further experiments for ∆tplus3a/tplus3b 
mutants by keeping ∆tplus3a/tplus3b in trans with Df(2L)BSC151 deficiency. However, this is hardly 
possible for CG12498 mutants as this gene is located on the X chromosome. A generation of 
CG12498 transgenic flies and a subsequent rescue experiment might be able to rule out off-target 
effects. In summary, Plus3 domain-containing proteins seem to play a vital role for spermatogenesis, 
guaranteeing efficient transcription in spermatocytes and contributing to the male germ line specific 
transcriptional programme.  
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Appendix A 
                       TARGET SEQUENCE PAM 
WT   ACTGAACGGTCCTCGCCGGAAATTAATGCCTGCAAGGTGATTATTAAAAGGT WT 
2.1  ACTGAACGGTCCTCGCCGGAAATTAATGC----AAGGTGATTATTAAAAGGT -4 
2.9  ACTGAACGGTCCTCGCCGGAAATTAATGCaaggCTGCAAGGTGATTATTAAA +4 
2.20 ACTGAACGGTCCTCGCCGGAAATTAATGCC-GCAAGGTGATTATTAAAAGGT -1 
2.22 ACTGAACGGTCCTCGCCGGAA--------------GGTGATTATTAAAAGGT -14 
2.30 ACTGAACGGTCCTCGCCGGAAATTAAT---T--AAGGTGATTATTAAAAGGT -3,-2 
2.46 ACTGAACGGTCCTCGCCGGAAATTAATGC--GCAAGGTGATTATTAAAAGGT -2 
      
WT   AAGGTTGTTTTCCAGTACCTATAAGAATATTGCTTGGGTTTTCTACGAGCCA WT 
3.10 AAGGTTGTTTTCCAGTACCTATAAGAATA-cGacgGGGTTTTCTACGAGCCA -1,+4 
3.36 AAGGTTGTTTTCCAGTACCTATAAGAAT-TTGCTTGGGTTTTCTACGAGCCA -1 
3.49 AAGGTTGTTTTCCAGTACCTATAAGAATAT----aGGGTTTTCTACGAGCCA -4,+1 
 
Appendix A: CRISPR/Cas9-mediated mutagenesis of tbrd-3. Depicted are two tbrd-3 sequences 
containing the target sequence (green) and the PAM sequence (blue) for guidance of Cas9. Wild-type 
(WT) sequence aligned to sequences of different mutants. Orange letters indicate an insertion. 
Numbers preceding the sequence (highlighted in yellow) indicate the name of the respective mutant 




                       TARGET SEQUENCE PAM 
WT   AAAATTGTTCGAATGTTGATTGAGGAAACCTTTTTGGCGAAGCTCACATAAG WT 
1.1  AAAATTGTTCGAATGTTGATT--------------GGCGAAGCTCACATAAG -14 
1.2  AAAATTGTTCGAATGTTGATTGAGGAAA--TgTtgaTTTGGCGAAGCTCACA -2,+4 
1.3  AAAATTGTTCGAATGTTGATTGAGGAA-----TTTGGCGAAGCTCACATAAG -5 
1.4  AAAATTGT----------------------TTTTTGGCGAAGCTCACATAAG -22 
1.7  AAAATTGTTCGAATGTTGATTGAGGAAA--TTgaTTTGGCGAAGCTCACATA -2,+2 
1.9  AAAATTGTTCGAATGTTGATTGAG-------TTTTGGCGAAGCTCACATAAG -7 
1.10 AAAATTG--------------------------TTGGCGAAGCTCACATAAG -26 
1.11 AAAATTGTTCGAATGTTGATT-------------TGGCGAAGCTCACATAAG -13 
1.12 AAAATTGTT----TccTGATTG----------TTTGGCGAAGCTCACATAAG -4,+2,-10 
1.15 AAAATTGTTCGAATGTTGATTGAGGAA--------------GCTCACATAAG -14 
1.16 AAAATTGTTCGAATGTTGATTGAGGAAACC---ccGGCGAAGCTCACATAAG -3,+2 
1.18 AAAATTGT-----------------------------------TCACATAAG -35 
1.19 AAAATTGTTCGAATG------------------TTGGCGAAGCTCACATAAG -18 
1.20 AAAATTGTTCGAATGTTGATTGAGGA-----TTTTGGCGAAGCTCACATAAG -5 
 
Appendix B: CRISPR/Cas9-mediated mutagenesis of CG12498. Depicted is the CG12498 
sequence containing the target sequence (green) and the PAM sequence (blue) for guidance of Cas9. 
Wild-type (WT) sequence aligned to sequences of different mutants. Orange letters indicate an 
insertion. Numbers preceding the sequence (highlighted in yellow) indicate the name of the respective 
mutant line. Highlighted in grey are the numbers of the deleted (-) or inserted (+) base pairs in the 
respective mutant 
 
